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Abstract 
In this paper, gold nanoparticles on highly ordered TiO2 nanotube arrays (Au/TNTA) were prepared via 
electrochemical anodic oxidation method followed by photodeposition. The prepared samples were characterized by 
transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), UV-vis 
diffuse reflectance spectroscopy (DRS). Photocatalytic degradation of Rhodamine B(RhB) under simulated sunlight 
irradiation were carried out. The experiment results showed that the photocatalytic activity of TNTA was greatly 
enhanced after loading of gold. Both hydroxyl radicals (·OH) and holes are involved in the degradation of RhB. 
© 2013 The Authors. Published by Elsevier B.V.  
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1. Introduction 
Titanium oxide (TiO2) has attracted increasing attention due to its low operation temperature, 
nontoxic, inexpensive, and relatively high chemical stability[1]. The separation of TiO2 nanoparticles 
from solution is time-consuming, which hinders itspractical application. TiO2 nanotube arrays (TNTA) 
is expected to be a promising photocatalyst to overcome such drawbacks and it has been proven in a 
variety of applications including dye-sensitized solar cells, contamination removal, and photodegradation 
[2, 3]. However, the application of TiO2 nanotube arrays in photocatalytic processes is limited by its high 
rate recombination of photogenerated electron-hole pairs. Many efforts such as transition metal cations 
doping[4], nonmetal anions doping[5], and surface modification with noble metal[3, 6-8]have been made 
to depress the recombination of photogenerated electron-hole pairs in photocatalytic processes. The 
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research concerning Au nanoparticles on TiO2 nanotube arrays to improve the photocatalytic activity was 
seldom reported[9]. The activity of compound catalyst was affected by the preparation conditions and the 
size of gold particles. There are several methods to load gold nanoparticles on TiO2, including deposition-
precipitation, electrodeposition, physical evaporation and so on. However, it is hard to control the 
dispersion of gold nanoparticles using the methods mentioned above. In this paper, we report a 
convenient synthetic strategy for the fabrication of monodispered golden nanopartciles on the surface of 
TNTA (Au/TNTA) via photoreduction and calcination procedure. The photocatalytic activity of the 
catalysts were measured by photodegradation of dyes (RhB) under Xenon lamp irradiation.The influence 
factors and the mechanism of photocatalytic process were preliminary investigated in our work, and the 
composites showing a quite high photocatalytic activity[10].  
2. Experimental  
   TNTA was formed on the Ti surface by electrochemical anodic oxidation method[11]. Au/TNTA was 
prepared by photodepositon of gold on the surface of Au using HAuCl4·3H2O as gold source. The 
composite catalyst can be prepared as the following steps˖(1) the as-prepared TNTA was immerged in 
50 ml 1×10-5 M HAuCl4·3H2O (in ethanol) solution and stirred vigorously at room temperature for 3 h in 
dark to reach a complete absorption equilibrium. (2) the solution was irradiated at a 300 W Mercury lamp 
(wavelength 365 nm) with magnetic stirring for 4 h, then washed twice with absolute ethanol. (3) the 
sample was calcined again in air at 250 °C for 2 h in order to improve adhesion of the Au nanoparticles 
on the nanotube morphology with heating rate of 5 °C/min and cooling naturally. Au/TNTA 
photocatalysts with Au contents of about 0.1 wt%, 0.4 wt % and 0.8 wt% were obtained. The prepared 
samples were characterized by TEM, XRD, XPS, DRS. The photocatalytic activity of the catalysts was 
tested by degradation RhB in a glass reactor under the irradiation of a 36W Xenon lamp (simulated 
sunlight).The production of ·OH on the surface of the UV-illuminated TiO2 samples was detected by a 
photoluminescence method using coumarin as a probe molecule.  
3. Results and Discussion 
3.1 Characterization  
   The TEM images of TNTA and Au/TNTA samples are shown in Fig. 1. It can be seen that the diameter 
of TNTA is approximately 100 nm. Comparing samples before and after the measurements, no visible 
loss of nanoparticles could be found, indicating that both types of nanoparticles adhere well on the TNTA 
surface. Fig. 2 shows XRD patterns of TNTA and Au/TNTA. It is apparent that all samples show anatase 
structures. However, the peak corresponding to metallic Au(200) plane at 2θ=44.4° could not be seen for 
all Au/TNTA samples, which may be due to low Au content.  
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Fig. 1. TEM images of (a) TNTA  and (b) Au(0.4 wt%)/TNTA. Fig. 2. XRD spectra of different gold content 
of Au/TNTA. 
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   The high resolution XPS spectra of TNTA and Au/ TNTA are shown in Fig. 3. The binding energies of 
Au4f7/2 at 83.45ev and Au4f5/2 at 87.1ev (in Fig. 3 c) indicate that Au species are present with zero 
oxidative state on the surface of TNTA. We also summarize that spectra of Ti2p reveals double peaks 
which correspond to Ti2p3/2 and Ti2p1/2 and the spectra of O1s  reveal single peak. Compared to TNTA the 
Ti2p3/2 binding energy of Au/ TNTA is shifted from 458.05 to 458.7ev (in Fig. 3 a) . In the meantime, the 
O1s binding energy of Au/ TNTA is shifted from 529.451 to 529.951ev (in Fig. 3b) when compared with 
TNTA, which can be attributed to the conduction band electron of TiO2 transfer to the Au nanoparticles, 
resulting in a decrease in the outer electron cloud density of Ti and O elements. Moreover, the 
photoinduced electron-hole is well separated and improved quantum efficiency of photocatalysis [12]. 
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Fig. 3. XPS spectra of Ti 2p, O 1s of TNTA and Au/TNTA, Au 4f of Au/TNTA. 
3.2. Effect of Au content on the RhB degradation 
   From the UV–vis (DRS), it can be seen that Au/TNTA showed obvious absorption in 400-600 nm 
region(a shoulder @ 530 nm) compared to the pure TNTA (Fig. 4) . The Au loading obviously influences 
visible light absorption of TNTA. Comparing with TNTA, the absorption spectra of all Au/TNTA 
samples show an enhanced absorption in the visible light region. Also, the samples show a stronger 
absorption with increasing of Au content. The enhancement of visible light absorption peak based on 
localized surface plasmon resonance (LSPR), which is important for the visible-light-responsible 
photocatalyst. 
   In the current investigation, the plot of ln(Ct/Co) versus time gave a straight line, which indicated that 
the degradation of RhB followed first-order kinetics: ln(Ct/Co)= - k t. Blank experiment revealed that the 
degradation of RhB under Xenon lamp illumination was negligible in the absence of TNTA. When the Au 
amount was 0.1 wt%, the enhancement on the catalytic activity of Au/TNTA was negligible. However, 
the photoactivity of Au/TNTA was improved obviously when the Au content increases from 0.1 wt% to 
0.4 wt%. The degradation rate constant of RhB using Au (0.4 wt %) /TNTA  as photocatalyst was 0.3672 
h-1, which is 1.4 times higher than using pure TNTA (0.2634 h-1). However, when further increase in the 
Au content, the catalytic activity gradually decreased (inset of Fig. 5). Au/TNTA with an Au content of 
1.6 wt%, showed similar photocatalytic activity to that of prestine TNAT. This was due to the fact that 
too much gold nanoparticles would hind the light-absorbance [13]. Repeat experiments showed that the 
composite of Au/TNTA photocatalyst was very stable, which can be reused for ten times without obvious 
losing the photocatalytic activity. 
3.3. Detection of ROS and Mechanism discussion 
   To detect ·OH during the degradation process, fluorescence technique was used to detect ·OH under 
Xenon lamp illuminated. The existence of photoexcited electron injection is proved by the fluorescence 
emission spectra, which gives a useful functional and conformational probe of reaction center. 
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Photocatalysts generate electrons and holes after being activated by light, and recombination of some 
electrons and holes can release energy in the form of fluorescenceemission. Lower fluorescenceemission 
intensity implies lower electron–hole recombination rate. For TNTA and Au(0.4 wt%)/TNTA, the 
intensity @ 450 nm increased with irradiation time, indicating that the production of ·OH (Fig. 6). The 
insert displays a comparison of the fluorescence emission spectra between TNTA and Au(0.4 
wt%)/TNTA. The result shows a considerable fluorescence decreased (or quenching), which indicates 
that the transfer of photogenerated electrons from TNTA to Au. 
   To study the degradation mechanism of RhB on Au/TNTA, EDTA-Na and t-BuOH were used as holes 
and ·OH radicals scavengers, respectively. As shown in Fig. 7, when 500 equivalents of EDTA-2Na or t-
BuOH versus RhB were added into the reaction system, the degradation of RhB was obviously hindered, 
reflecting that both ·OH and holes played main roles in RhB degradation. 
  
Fig. 4. DRS spectra of different gold content TNTA and 
Au/TNTA. 
Fig. 5. UV-Vis spectra changes of RhB (10PM, pH3) in presence 
of Au(0.4wt%)/ TNTA and the inset is the related rates.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Fuorensence spectrum of coumarin caputrure ·OH 
with Au(0.4wt%)/TNTA. 
Fig. 7. The kinetic constants of hydroxyl and hole quenching 
experiment of TNTA and Au(0.4wt%)/TNTA. 
4. Conclusion 
   In summary, gold nanoparticles on highly ordered TiO2 nanotube arrays (Au/TNTA) were prepared by 
electrochemical anodic oxidation and photodeposition method. The photocatalytic activity of TNTA was 
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greatly enhanced after Au deposition with an optimum content of 0.4wt%. Both holes and ·OH were the 
main ROS in RhB degradation. This work displayed the potential application of Au/TNTA in wastewater 
treatment under sunlight irradiation. 
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